Attenuated total reflection Fourier transform infrared spectroscopy was used to compare the structure of β-lactoglobulin, basil seed gum, and β-lactoglobulin-basil seed gum mixtures, at different states (powder, solution, and gel). The effects of heating and different ratios of β-lactoglobulin-basil seed gum were also investigated to determine their impact on chemical structure and understand their interaction. The results showed that gelification process proved a pronounced effect upon β-lactoglobulin secondary structure, leading to the formation of intermolecular hydrogen-bonding β-sheet structure. These results confirmed that this structure may be necessary for the formation of a gel network. Basil seed gum had a distinct peak at around 1603 cm -1 that relates to -COO -1 stretching of carboxylate salts, probably uronic acids, which approved its anionic structure. The Fourier transform infrared spectroscopy findings strongly suggested that these two polymers are thermodynamic incompatible as amide I peak was increased in the β-lactoglobulin-basil seed gum mixed system and carbonnitrogen (CN) stretching peak was observed at 2125 cm -1 . On the basis of these findings, it was possible to modify the ability of β-lactoglobulin-basil seed gum to form a gel and as a consequence to control the gelling and emulsifying properties.
INTRODUCTION
β-lactoglobulin (BLG) is a major constituent of whey proteins, which is extensively used in foods due to its high nutritional value and potential to form gels. In its natural state, it exists as a globular protein folded into compact three-dimensional structures, where the relative hydrophobic aminoacid residues are located in the interior, while most of the polar side chains are exposed to the exterior. Heating BLG solutions above a certain temperature causes partial unfolding, exposition of interiorly located amino acid, and aggregation of partially or completely denatured protein. [1, 2] It is now well-established that the heat-induced gelation process occurs in two distinct steps. In the first step, the protein solution is heated above the denaturation temperature, which involves unfolding of some polypeptide segments and exposure of hydrophobic and thiol groups. In the second step, the exposed functional groups in the unfolded polypeptide interact with each other, leading to the aggregation of denatured proteins and to the formation of a gel network. [3] The thermal aggregation of BLG has been investigated by different techniques including differential scanning calorimetry (DSC), [4, 5] circular dichroism (CD), [5, 6] infrared spectroscopy, [6, 7] UV-vis spectroscopy, [8] nucleic magnetic resonance (NMR) spectroscopy, [9] laser Raman spectroscopy, [10] and Fourier transform infrared spectroscopy (FTIR) spectroscopy. [3] All these studies have concentrated on the conformational changes that occur upon heating the protein above or below the temperature of denaturation. The changes have been found to be due to the association of the monomeric protein and the irreversible aggregation of its unfolded state. [4, 5] Different states of BLG in solution and gel upon the cooling regime of the gelation process have been made to understand the relationship between the extent of gel formation and the state of protein structure in the gel. [3] Basil seed gum (BSG) is a novel hydrocolloid which extracted from seeds of basil herb and can be used as a thickening and gelling agent in the food industry. [11] BSG is a hetero-polysaccharide which contains glucomannan, xylan, and glucan. [12] The chemical composition of BSG has been determined to be comprised of two major fractions; including an acid-stable core glucomannan (43%) with glucose/manose ratio of 10:2, and a linked xylan (24.29%) including acidic side chains in the acid-soluble portion. It also has a minor fragment of glucan (2.31%). [13] Some studies on rheological and structural properties of BSG have been recently published. [11, [14] [15] [16] It was generally found that BSG has a weak-gel behavior at the concentration range of 0.5-3%. The structural analysis on the macromolecular network performed by different techniques such as confocal laser scanning microscopy (CLSM) and scanning electron microscopy (SEM) have been shown to encompass hydrogel properties, which dissolve in an aqueous environment. [15] Hydrogels are often stimuli-responsive in nature due to their biocompatible properties and use extensively in biomedical researchers. An important use of hydrogels is for the delivery of protein-based drugs. It has also been reported that a mixture of BLG and BSG hydrogels forms a mixed biopolymer system. [16] In recent decades, considerable interest has been given to the study of protein-polysaccharide mixtures in all aspects of food and drug applications. [17] [18] [19] [20] [21] [22] It was found that the nature of protein-polysaccharide interactions has a great effect on the protein's functionality. [23] In spite of the rheological study of BSG and its interaction with BLG, there is no information on their chemical structure at different states. Therefore, the aim of this work was to study the BLG-BSG interactions at different states (powder, solution, and gel) using the FTIR method. To induce variations in the conformation of BLG, BSG, and BLG-BSG under gelling conditions, the effect of heating on the conformation sensitive amide I band in the infrared spectra has also been investigated.
MATERIALS AND METHODS

Materials
Purified BLG powder containing genetic variant A and B was purchased from Fonterra Company (Lot No. CU27, New Zealand). The composition of BLG powder, provided by the supplier, shows that it contains a mixture of the following: moisture (4.65%), protein (94.16%), fat (0.31%), and mineral (0.1%). The amount of protein as dry basis was 98.8% and its protein's profile contains EFFECT OF THERMAL TREATMENT ON CHEMICAL STRUCTURE 70 g BLG, 14.2 g α-lactalbumin, 2.3 g serum albumin per 100 gram of product. The BSG powder was prepared according to the work described by Razavi et al. [14] Physicochemical characteristics were determined to be the same as our previous works. [12] Preparation of BSG and BLG Solutions Solutions of BSG and BLG were prepared by adding appropriate amounts of powder to a portion of deionized water (DW) that contained 0.02% (w/w) sodium azide. These solutions were stirred for 2 h at room temperature and then placed on a roller shaker overnight to complete the hydration process. All samples were refrigerated (4°C) before the experiments. The formation of BLG gels was done by dissolving BLG powder in DW containing 10 mM of CaCl 2 . Protein-polysaccharide mixtures were prepared by maintaining a constant BSG concentration (1%, w/w) and varying the BLG concentration (10, 5, 2, and 1%). In order to study FTIR at gel state, solution was heated at 80°C for 10 min and then cooled to room temperature.
FTIR
All spectra were collected using a Digilab FTS-3000 Fourier transformed infrared spectrometer and a mounted crystalline Zinc Selenide, attenuated total internal reflection (ATR) sampling attachment (Pike Technologies inc., MIRacle™ Single Reflection ATR) with a typical spectral response of 520 to 15,000 cm -1 . The infrared light is focused onto the photodiode of a liquid nitrogen-cooled, narrow band mercury-cadmium-telluride (MCT) detector with a normal spectral response of 650 to 7000 cm -1 . There is nominally one reflection with a spot size of approximately 100 microns. The spectrometer and attachments purged with dry compressed air to reduce the possibility of atmospheric water or CO 2 contamination of the spectra and samples.
Twenty microliters of the sample were transferred onto a ZnSe crystal cleaned with water and ethanol and dried under a flow of dry nitrogen-gas before analysis. The spectra presented are an average of accumulation of 64 scans. All spectra were recorded at room temperature, approximately 23 ± 0.5°C with a spectral resolution of 2 cm -1 . The spectra were converted into absorbance units by taking the negative of the log ratio of a sample spectrum to that of an air spectrum. The data was then transferred to data processing programs (Excel TM , Microsoft Corp., USA and Sigmaplot TM v. 10, Systat Software Inc, USA), where numerical consideration and final graphs were prepared. All the experiments were carried out in three replicates.
RESULTS AND DISCUSSION
BLG Structure at Different States
In this study, the FTIR technique was used to investigate the chemical structure of BSG, BLG, and their mixture at different states. The FTIR technique is a versatile and powerful technique for determining the different percent of secondary structure of globular protein in aqueous solution, in complex systems, such as a biological system or in functional states, such as a gel or a film. [3] In addition, this method provides a sensitive diagnostic tool for monitoring changes in the conformation of biopolymers. The original infrared spectrum of BLG powder in the region of 4000-1000 cm -1 was recorded at room temperature (23°C; Fig. 1 ). The major peaks which are characteristic of proteins were observed with a maximum at around 1634 and 1518 cm -1 , which are indicative of the amide I band (1750-1600 cm -1 ) and amide II band (1550-1510 cm -1 ), respectively. Generally, amide I band has a composite profile, consisting of several spectral components related to different secondary structures. [24] The amide I region, which is mainly due to the C=O stretching vibration and to a small extent to C-N stretching and N-H bending vibrations of the peptide bonds, is sensitive to the secondary structure of proteins. [25] The peak observed around 1634 cm -1 is typical of that observed for proteins known to be predominantly β-sheet in structure and is in agreement with previous X-ray diffraction and FTIR spectroscopy studies data. [3] A comparison of the chemical structure of BLG in solution and gel states was carried out by FTIR over the same spectral region (4000-1000 cm -1 ) and a maximum peak was observed for BLG in both states at around 1622 cm -1 ( Figs. 2a and 2b) . This peak is also characteristic of the amide I' and has been found in pressure, solvent, and thermal denaturation of proteins. [26, 27] The peak is believed to be the result of the disruption of hydrogen bonds within the native protein secondary structure and the formation of new hydrogen bonds, associated with the aggregation process upon cooling, i.e., formation of intermolecular hydrogen bonds. [28] Besides, the peak at around 1622 cm -1 presents a conversion from α-helix and intramolecular β-native toward βaggregated structures. As already observed for other proteins, [29, 30] the development of such a band is characteristic of the formation of a protein gel or aggregates. These spectra are very similar to those obtained for BLG powder, suggesting a partial denaturation of protein, which is in agreement with previous work that only reversible modifications of the environment of tryptophan residues occur, indicating a moderate swelling of the protein tertiary structure. [5] Since, the spectral region (1600-1700 cm −1 ) is attributed to different structure, a more detailed comparison of the BLG in solution and gel states was obtained from deconvolved spectra [31] ( Figs. 2a and 2b) . Under physiological conditions, BLG exists as a dimer and its secondary structure consist of nine β-strands (~50%), single α-helix (10~15%), turns (~20%), and random arrangements (~15%). [32] The band at 1634 cm -1 corresponds to β-sheets, while that at 1665 cm -1 has been assigned to the consisting turn β-sheets. The other bands at 1550 and 1440 cm -1 corresponds to turns or unordered structure. The strongest band at 1634 cm -1 is highly characteristic of amide groups involved in the extended β-sheet structure. [9] Since, the strongest peak was seen at 1634 cm -1 , it can be found the native protein in solution is mainly constituted by β-sheet. The similar results were also seen in the previous works. [33, 34] The shift or disappearance of the band at 1634 cm -1 under denaturing conditions indicates that the presence BLG as a dimer may be another factor impeding the crosslinking. [34] It is clear that BLG in the gel state displays a marked reduction of α-helical, β-sheet, and unordered structures at the expense of intermolecular hydrogen 
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bonded β-sheet structure. The formation of intermolecular β-sheet in gel of BLG is not particular to this globular protein and has been already observed in the gels of some proteins like bovine serum albumin [30] and glycinin. [29] 
BSG Structure at Different States
The original FTIR spectrum of BSG powder was also recorded at the same region in order to be comparable with BLG spectrum (Fig. 3a) . The spectrum exhibits all typical bands and peaks characteristic of polysaccharides. The 2800-3000 cm -1 wave number range is associated with the stretching modes of the C-H bonds of methyl groups (-CH 3 ), the broad band at 3400 cm -1 results from the presence of -OH groups, and three major peaks reveals at around 1603, 1413, and 1023 cm -1 . As it is found, the peak 1603 cm -1 may be assigned as -COOanti-symmetric and symmetric stretching bands of carboxylate salts, probably uronic acids. The second peak (1413 cm -1 ) may be related to C-N stretching and primary amide. The third peak at 1023 cm -1 , which is seen 
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RAFE AND RAZAVI at 900-1200 cm -1 range, represents various vibrations of C-O-C glycosidic and C-O-H bonds. [35] Similar spectra were obtained for other carbohydrates such as guar gum. [36] It should be pointed that 1020-1050 cm -1 range was also attributed to S=O and C-O starching, which may be attributed to BSG emulsifying properties. [35] Therefore, it may be concluded that BSG is a hydrocolloid which have a little amount of peptides in its compound and possess emulsifying characteristics. The similar findings were also shown in water extractable crude polysaccharides from cherry, raspberry, and ginseng berry fruits. [37] In addition, these bands had an important effect on the gel forming and emulsifying abilities that can interact with water to have hydrogen bonds and make a proper gel and emulsion.
In order to obtain more details on BSG structure, the deconvolved peak was presented in Fig 3b . It can be seen there are two peaks at 1656 and 1602 cm -1 , which are attributed to amid I band and C=O stretching, respectively. [35] Other bands were seen at 1490 and 1560 cm -1 , which are 
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indicating of amid II, C-N stretching and N-H bending. [38] The original and deconvolved FTIR spectra of 3% BSG solution before (sol state) and after heating (gel state) were recorded at room temperature, as shown in Figs. 4a and 4b . It can be seen that there is only one distinct peak at around 1603 cm -1 , indicating -COOantisymmetric and symmetric stretching bands of carboxylate salts. It should be noted that there is not any statistical difference (p < 0.5) between sol and gel state of BSG that can be inferred chemical structure was not changed by heating the solution. Natural gums were known to contain a fraction of uronic derivatives, which would impart a weakly anionic character to the gum macromolecule. [39] It was also worth pointing out that a peak near 1602 cm -1 may rise from in-plane deformations of water molecules hydrogen-bonded to the polysaccharide molecule. [40] In addition, the bands 1656, 1490 cm -1 were disappeared and only band at 1602 cm -1 was enhanced, which indicates that C=O stretching in the amid I region is the main structure of BSG in sol and gel states. Therefore, it can be concluded that due to the presence of carboylate salts, BSG is an anionic gum, which can show proper emulsifying properties. It was also shown that this band (1602 cm -1 ) is related to the ring vibration and tyrosine (phenyl groups). [41] Absorbance ( 
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Interaction of BLG-BSG at Structure Level in Sol and Gel States Figure 5 shows the FTIR spectra of different ratios of BLG-BSG mixtures (10:1, 5:1, 2:1, and 1:1) in the region of 4000-1000 cm -1 . It can be seen that all of the mixtures had one distinct peak at the maximum amount of 1638 cm -1 , which reduced slightly by increasing the BSG amount in the ratio. This spectrum peak could be attributed to the non-esterified carboxyl groups. [42] The shift in this band from 1603 to 1638 cm -1 in the spectrum of BSG-BLG is indicating a change in the environment of this group, particularly water absorption, through BSG interaction with BLG. The maximum peak for BLG-BSG mixture in the ratio of 10:1 to 1:1 was changed from 1638 to 1635 cm -1 . In addition, another peak was observed in the new region around 2125 cm -1 , which is indicative of CN stretching caused by interaction between BSG with amide groups of BLG. [43] It should be noted that there is a very distinct peak at around 3300 cm -1 , indicating the O-H stretching of water molecules.
When blended polymers are thermodynamically compatible and intermolecular interactions prevail, the resultant FTIR spectra of the blends differ from those of the constituent polymers. Conversely, blends of two incompatible (phase-separated) polymers yield FTIR spectra in which the spectra of the two polymers are superimposed. The FTIR result strongly suggests that these two polymers are thermodynamic incompatible as amide I peak was increased in the BLG-BSG mixture (Fig. 6 ). In fact, the phase separation of network attributed to a distinct peak at 1638 cm -1 (amide I). It supports the idea that intermolecular hydrogen bonds interact between junction zones and thus, stabilize the gel network.
The FTIR spectra of BLG-BSG mixed system at ratio 10:1, before and after heating at 80°C for 10 min, are shown in Fig. 7 . It can be found that heating caused to denature the mixture and aggregation was occurred. Similar behavior was also observed for BLG, as shown in Fig. 2 . In such kind of biopolymer mixture, which contains a gel-forming biopolymer (BLG), phase EFFECT OF THERMAL TREATMENT ON CHEMICAL STRUCTURE separation and gelation become competing processes and the intervention of gelation introduces the possibility of non-equilibrium influences on the formed microscopic structure. Therefore, a number of different structures were formed, depending on the degree of miscibility of the polymers in solution, on the relative time scales of phase separation and gelation, and on the thermal regime, which the mixture was subjected. Since, these biopolymers have shown sufficient spectral difference, it is possible to determine the phase diagram of BSG-BLG by FTIR, which was performed for aqueous amylopectin/gelatin mixture above gel temperature of each constituent. [44] CONCLUSION All FTIR spectra in sol and gel states have shown hydroxyl band peaks in the 3368-3384 cm -1 range as well as 1044 cm -1 C-O stretching, amide I (1640 cm -1 ). The subtle changes in shape, shift and/or intensity of FTIR peaks indicate intermolecular alteration. All protein samples contain the amide II (1548-1550 cm -1 ) peak due to stretching of N-H and vibration of C-N. [45] Conformational and structural changes are the dominant initial steps driving the aggregation and gelling process. It was obvious from the results presented that gelification process has a pronounced effect upon BLG and BSG secondary structure, leading to the formation of intermolecular hydrogen-bonding β-sheet structure as evidenced by the appearance of the band at around 1622 and 1602 cm -1 , respectively. From the results herein, it can be concluded that the cooling regime of the thermal gelation process does not induce drastic changes in the structure of BLG, although it has critical changes on BSG. The FTIR result may strongly suggests that BLG-BSG mixed system is a typical thermodynamic incompatible as amide I peak was increased in the BLG-BSG mixed system comparing with the BLG, BSG in solution and gel states. It supports the idea that intermolecular hydrogen-bonding interactions between junction zones stabilized the gel network. The results also clearly demonstrate the potential of attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) 
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RAFE AND RAZAVI spectroscopy in determining secondary structure of a protein in its functional state, i.e., gel, and to relate its functional properties to specific molecular conformations.
NOMENCLATURE
ATR-FTIR: Attenuated total reflection Fourier transform infrared spectroscopy BLG:
Beta-lactoglobulin Wavenumbers (cm -1 ) FIGURE 7 Original FTIR and deconvolved spectra of BLG-BSG 10:1 (a) before heating sol; and (b) after heating at 80°C for 10 min gel at room temperature.
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